(F) Schematic model of the generation of the sj/␤TREC ratio as a measure of intrathymic proliferation. D␤J␤ TRECs (closed circles) are generated in TN cells (CD34 ϩ CD1 ϩ CD3 Ϫ CD4 Ϫ CD8 Ϫ ), whereas the ␦Rec-J␣ rearrangement, leading to the generation of sjTRECs (open circles), occurs in DP (CD3 ϩ CD4 ϩ CD8 ϩ ). In between, thymocytes extensively proliferate, increasing the sj/␤TREC ratio. (G) The sj/␤TREC ratio was measured in duplicate in a group of 20 samples (seven from healthy controls and 13 from HIV-infected patients). The correlation between the two quantifications (Spearman's, r ϭ 0.733 and p ϭ 0.001) and the fact that the regression curve is close to the diagonal demonstrate the reproducibility of the assay. mined by the intrathymic proliferation of precursor ment (Spearman's rank, r ϭ 0.733 and p ϭ 0.001) ( Figure  1G ) based particularly on our ability to accurately mea-T cells, we have developed an assay from which the sure the less frequent D␤J␤ TRECs. relative changes in intrathymic proliferation can be readily and reliably estimated. This assay extends the use of TRECs to those associated with TCR␤ as well as Peripheral T Cell Proliferation Does Not Influence TCR␣ gene rearrangements, circumventing some of the the sj/␤TREC Ratio inherent interpretational difficulties encountered pre-SjTREC-and D␤J␤ TREC-containing T cells in the peviously in attempting to assess thymic function by enuriphery are functionally indistinguishable from each merating only sjTRECs. In particular, our estimates are other and from those that do not contain TRECs. Therenot significantly affected by variable proliferation and fore, the sj/␤TREC ratio in PBMCs should be independeath rates of T cells in the periphery, allowing quantitadent of T cell proliferation. PBMCs from healthy individutive evaluation of intrathymic proliferation even in HIVals were activated in vitro with anti-CD3 antibody to infected patients demonstrating heightened T cell confirm this. The sjTREC and D␤J␤ TREC frequencies turnover.
were measured daily in the cultures for one week. As demonstrated in Figures 2A-2C , the sj/␤TREC ratio remained constant during this period, whereas the sjTREC Results and D␤J␤ TREC frequencies both decreased as the population expanded.
The sj/␤TREC Ratio Mirrors Intrathymic Proliferation
We also found no evidence that the sj/␤TREC ratio is During thymopoiesis, rearrangements at the TCR␣, ␤, influenced in vivo by T cell proliferation. The frequency and ␦ loci lead to the generation of various types of of Ki67-expressing cells was quantified in various T cell TRECs. These molecules can be quantified in peripheral subsets in healthy controls and in HIV-1-infected pablood by nested quantitative real time PCR technology. tients sampled during the first 6 months after infection.
This methodology allows accurate quantification of both
These were correlated to the sjTREC and D␤J␤ TREC sjTRECs, the major byproducts of excision of the TCR␦ frequencies as well as to the sj/␤TREC ratio in the same locus, and D␤J␤ TRECs, created during the first step of samples ( Figures 2D-2I ). Negative correlation was ob-TCR␤ locus reorganization, namely, the D␤-J␤ rearserved in the patients' group between the frequency of rangement ( Figures 1A and 1B 2D and 2F) . Notably, we found 1989). In the process of T cell development, extensive no significant correlation between the sj/␤TREC ratio proliferation of TCR␤ ؉ ␣ Ϫ cells precedes TCR␣ chain reand Ki67 expression in any peripheral T cell subpopulaarrangement that, in turn, leads to positive and negative tion defined by the expression or absence of CD45RA selection (Huang et al., 2003; von Boehmer et al., 1999) . and CD27, including the CD45RA ϩ CD27 ϩ naive T cells This proliferation is a key determinant of thymic output ( Figures 2H and 2I) , supporting the notion that this pa- (Almeida et al., 2001) . Ex vivo staining thymocyte subrameter is not significantly influenced by extrathymic sets with antibodies to Ki67, a nuclear antigen exproliferation. Because it is independent of peripheral pressed in dividing cells and in cells that have recently T cell proliferation, foreign antigen-induced or homeodivided, is consistent with other observations showing static (Figure 2) , the sj/␤TREC ratio is a reliable surrogate that thymocytes extensively proliferate between these marker of intrathymic proliferation of precursor T cells two rearrangement events (Huang et al., 2003) . Indeed, even in pathological conditions such as during the the bulk of thymocyte proliferation occurs between the course of HIV infection. CD3 Ϫ/low 4 Ϫ 8 Ϫ and CD3 Ϫ/low 4 ϩ 8 ϩ stages ( Figure 1E ). This proliferation leads to the dilution of D␤J␤ TRECs, decreasing their proportion relative to that of sjTRECs in Age Dependence mature thymocytes undergoing positive and negative In healthy individuals (n ϭ 28), the sj/␤TREC ratio is age selection and, equivalently, in RTEs. Therefore, intradependent (Spearman's, r ϭ Ϫ0.476 and p ϭ 0.007) thymic precursor T cell proliferation, occurring between ( Figure 3A ) and proportional to the sjTREC frequency the two rearrangements, can be assessed in peripheral (Spearman's, r ϭ 0.73 and p ϭ 0.0001) ( Figure 3B ), sugblood mononuclear cells (PBMCs) by measuring the sj/ gesting that both these parameters are directly linked ␤TREC ratio (sjTRECs divided by the sum of D␤J␤ to the level of intrathymic proliferation and indeed with TRECs) ( Figure 1F ). In other words, the sj/␤TREC ratio thymic output, which declines with age. Although the is a direct measure of the intrathymic proliferation of peripheral frequency of sjTRECs decreases in parallel TCR␤ ϩ ␣ Ϫ thymocytes. Duplicate estimation of the sj/ to age-associated thymic involution (Spearman's, r ϭ ␤TREC ratio in a panel of 20 samples demonstrates the Ϫ0.527 and p ϭ 0.003) ( Figure 3C ), the frequency of D␤J␤ TRECs does not ( Figure 3D ). The respective fre-reproducibility of such intrathymic proliferation assess- quencies of these two TREC families within the thymus ␤TREC ratio appears to have dropped within the first 6 months after HIV infection in the majority of untreated are, thus, differentially affected by aging.
patients (17 of 24 studied). Fourteen patients had reduced ratios already at study entry (5-to 40-fold lower Intrathymic Proliferation Is Rapidly Reduced than the theoretical value calculated according to their after HIV Infection age). In three patients, the sharp decline of the sj/␤TREC The sj/␤TREC ratio was measured longitudinally over 2 ratio occurred after study entry ( Figure 4B ). In seven years in a group of 24 recently HIV-infected patients individuals, the sj/␤TREC ratio did not appear to have (1-6 months post infection) (see Supplemental Table S1 changed. The postinfection sj/␤TREC ratio, measured at http://www.immunity.com/cgi/content/full/21/6/ after the initial decline (median time postinfection 104 757/DC1/), before the initiation of antiretroviral therapy days, range 35-192), was significantly (Student's t test, (ART), and in a group of 28 age-matched healthy individp ϭ 0.0002; Mann-Whitney, p ϭ 0.0007) ( Figure 3C ) lower uals (Figure 4 ) to evaluate the impact of primary HIV in patients (median 7.9, range 0.7-66, mean 14.9; n ϭ 24) infection (PHI) on intrathymic proliferation. Because of than in the age-matched controls (median 32.5, range the limited availability of cells, total PBMCs were ana-2-436, mean 78.2; n ϭ 28). These results demonstrate lyzed without further separating CD4 cells from CD8 that in most cases, intrathymic precursor T cell proliferacells or naive from memory cells. This does not affect tion decreased rapidly and profoundly during the early our results and conclusions in any substantial way, bephase of HIV infection. cause we trace intrathymic proliferation occurring before differentiation into the different subsets or later from
Infection-Induced Decrease in TREC Ratio Is Age the naive to the memory compartment. The sj/␤TREC Dependent and Associated with D␤J␤TREC Increase ratio is not affected by such differentiation events.
Because thymic function is intimately linked to age, healthy controls and HIV-1-infected patients were sepa-Although stable in healthy controls ( Figure 4A ), the sj/ 
rated into two age groups (Յ40 and Ͼ40 years). As thymic output) are not simply predicted by the change in intrathymic proliferation (see Discussion). demonstrated in Figures 4d, 4E, and 4F, HIV-infected individuals under 40 had lower sjTREC levels than agematched controls (median frequencies 220 and 449 per Thymic Function Recovery after Antiretroviral Therapy
Having demonstrated that thymocyte proliferation is 10 5 cells in patients and controls, respectively; Student's t test, p ϭ 0.03; Mann-Whitney, p ϭ 0.037) ( Figure 4D ). rapidly and profoundly impaired after HIV infection, especially in younger patients, we analyzed thymocyte By contrast, a significantly higher frequency of D␤J␤ TRECs characterized young HIV-infected patients as proliferation in ten patients who initiated ART at an early stage (mean time from infection, 3 months [24-176 compared to any other group (median 24.6 and 6.8 per 10 5 cells in patients and controls, respectively; Student's days]). All reached undetectable viral loads within the first 4 months of treatment along with stabilization of t test, p ϭ 0.02; Mann-Whitney, p ϭ 0.024) ( Figure 4E ). These two opposite variations translate into a strong total CD4 counts and reduction of circulating CD8 T cells (mean CD4 increase 93 cells per microliter, mean CD8 decrease in the sj/␤TREC ratio in young patients as compared to age-matched controls (median ratios 7.9 decline 866 cells per microliter). One patient (patient T1 of Figure 5A ) did not experience any significant fall in and 96.8 per 10 5 cells in patients and controls, respectively; Student's t test, p ϭ 0.0001; Mann-Whitney, p ϭ sj/␤TREC ratio prior to treatment despite high viremia. In this patient, intrathymic proliferation remained constant 0.0005). Indeed, although sjTREC frequencies are significantly diminished, this reduction does not fully reflect over the follow-up period. The other nine patients showed very low intrathymic proliferation before treat-the large change in the sj/␤TREC ratio in the majority of patients. It is the combined effect of this decrease ment as inferred from their low sj/␤TREC ratios compared to the normal values corresponding to their age in sjTRECs and a concomitant increase in D␤J␤ TREC frequencies, at least in younger individuals ( Figure 4E ), (indicated in Figure 5A as horizontal gray lines). Although intrathymic proliferation under efficient ART remained that numerically accounts for the substantial decline in the ratio. Interestingly, the median and distribution of stable in four subjects over the follow-up period (patients T2 to T5 of Figure 5A ), the other five normalized the sj/␤TREC ratios in the group of younger patients are very similar to those measured in both infected and their sj/␤TREC ratio after treatment, reaching levels similar to those of age-matched controls (mean increase, uninfected older subjects ( Figure 4F) . These data show that the impact of primary HIV infection on the dynamics 8.6-fold [1.87-33.06]). Despite these changes in the sj/ ␤TREC ratio, sjTREC levels remained stable or only of T cell precursors within the thymus is more significant in younger subjects, whose thymii are presumably more slightly increased during treatment. Thus, in arithmetic terms, a decrease in D␤J␤ TRECs accounts for most of active before infection. It also shows that changes in individual TREC frequencies (and, presumably, in the the observed sj/␤TREC ratio increase in patients T6 to T10 ( Figure 5B) . Biologically, these data demonstrate This report describes a method of using TRECs to assess important aspects of thymic function that is not that under ART, thymic function can be efficiently reconfounded by peripheral T cell division. We have added stored and other parameters consequently normalized.
to the current available tools the measurement of a parameter, the sj/␤TREC ratio that directly reflects precur-Discussion sor cell proliferation in the thymus, a key determinant of thymic output (Almeida et al., 2001) . Furthermore, the The ability to assess thymic function through quantificasj/␤TREC ratio has the virtue that it is a "signature" of tion of sjTREC-containing cells among naive T cells in thymic emigrants throughout their entire life and thus the periphery has been questioned given that the sjTREC can be measured, unbiased, in total peripheral blood frequency is directly influenced by the turnover of these cells. We have evaluated the impact of HIV infection on cells, which is thought to be elevated in pathological this parameter and found a rapid sj/␤TREC ratio drop conditions such as HIV infection (Hazenberg et al., 2001) .
(within 3 months postinfection), indicating a substantial Indeed, we also observed such a correlation in the codecline in the proliferation of TCR␤ ϩ ␣ Ϫ precursor T cells. hort of HIV-1-infected patients sampled during an early This reveals that HIV infection disrupts the development of T cells early in the course of disease progression. phase of chronic HIV infection (Figure 2) . Mechanistically, the observed trend of increasing but also the absolute number of these TRECs is larger than normal (see Table 1 ). Rather, the reduced intra- The TREC frequencies and TREC numbers listed (TRECs/10e 5 cells and TRECs/ml of blood) are the means Ϯ standard deviations, measured in the different groups of subjects. molecules are also involved in thymocyte proliferation prominent, not less, sjTREC frequency decline relative to the decline observed in the sj/␤TREC ratio. (Kolluri et al., 1999) .
D␤J␤ TREC frequencies in the studied HIV-infected patients suggests that direct killing of dividing thymocytes thymic proliferation of T cell precursors might be a consequence of cytokine-mediated inhibition. For example, by the virus does not significantly contribute to the inability of these cells to proliferate normally. Killing would interferon ␣, produced as part of the innate immune response to infection, is known to inhibit the proliferation have resulted in a smaller output, not larger, of T cells containing D␤J␤ TRECs. Indeed, not only the frequency of peripheral T cells along the IL-7-p27 (Kip1) axis. These
It is intriguing that the input of RTEs after HIV infection, The sustained sjTREC and increased D␤J␤TREC frequencies in HIV-infected patients in the face of a re-characterized by a different sj/␤TREC ratio, is sufficient to appreciably modify the overall peripheral sj/␤TREC duced intrathymic proliferation, might reflect the operation of a feedback mechanism that controls thymic ratio within a few weeks, considering that this input might be considerably smaller even compared to the output (McCune et al., 1998) , 2000) , but also disappear much more rapidly; that is, most RTEs are short lived and are con-in sjTRECs and in RTEs implied by these authors can now be rationalized. Given the newly revealed kinetic stantly replaced by new thymic emigrants. This too is consistent with earlier studies in mice (Berzins et al., dichotomy between RTEs and the established naive T cell population that we and others have discussed, 1999). Accordingly, the postinfection RTEs need only replace the majority of preexisting RTEs in the periphery, factors that influence the production, survival, and/or dilution of RTEs can have a direct and relatively rapid not the majority of all naive cells, to produce an overall change in the sj/␤TREC ratio. impact on peripheral TREC frequencies. Possible factors are listed in Table 2 and their impact indicated. These considerations shed new light on the age dependence of TREC frequencies that we observed in Such factors may include: (1) Thymus-filling effect. Once intrathymic proliferation is suppressed and the number healthy adults (Figure 3) . It had been previously argued that the age-related decline in sjTREC frequency is only of thymocytes declines, more bone marrow-derived cells may be allowed to enter the thymus as a result of an indirect measure of a declining thymic output, reflecting peripheral dilution because of a homeostatic a fall in "back pressure." This would act to increase the number of ␤-rearranged thymocytes, to partially normal-increase in T cell proliferation (Hazenberg et al., 2000b) .
The argument was based on a model assuming identical ize the thymic output and the peripheral frequency of sjTRECs, and to increase the peripheral D␤J␤ TREC kinetics for RTEs and other naive cells (see also Grossman and Paul [2000]). Such dilution would have affected
frequency (Table 2 ). (2) Enhanced survival of early thymocytes. The death rate of early thymocytes might de-sjTRECs and D␤J␤ TRECs in the same way. We, however, found that only the frequency of sjTRECs, but not pend on cell density. Enhanced survival in response to the suppression of intrathymic proliferation would have that of D␤J␤ TRECs, decreased with age along with the sj/␤TREC ratio. This finding leads us to two conclusions: an effect similar to the thymus-filling effect.
(3) Enhanced RTE survival. This would account for secondary in-first, that it is not the total throughput of thymocytes that is declining with age (as might be expected when creases in TREC frequencies in the periphery. Additionally it would partially compensate for a reduced thymic a thymus becomes smaller) but, rather, the number of divisions per individual TCR␤ ϩ ␣ Ϫ thymocyte. The sec-input owing to the intrathymic suppression of precursor cell division. zenberg et al., 2000b) . This can result only in a reduction of TREC frequencies and therefore, as has already been the peripheral frequency of these TRECs, consistent with the proposition that most TRECs are contained in discussed, could not help in explaining the observed increases. a population of cells that have recently emerged from the thymus and that are being rapidly replaced.
(4) Enhanced turnover of naive T cells (Ha-ond conclusion is that the resultant decrease in the output of RTEs carrying sjTRECs is directly reflected in
Unspecified changes in migration patterns of RTEs might also affect the observed frequencies (Chu et al., Elevations in sjTREC and D␤J␤ TREC frequencies that are not predictable by the reduction in the sj/␤TREC 2004). We note, on the other hand, that if reduced intrathymic proliferation extends to the last rounds of division ratio reveal the existence of one or more compensatory mechanisms. Indeed, in younger HIV-infected patients, at the late stage of intrathymic development, after TCR␣ rearrangement, this would further diminish the thymic the sj/␤TREC ratio was 12-fold lower than in agematched controls, and in these same individuals, the output but would not affect the outflow of TREC-containing cells. Therefore, peripheral TREC frequencies sjTREC frequency was reduced only 2-fold. Moreover, an opposite change in D␤J␤TREC frequencies was ob-should not be directly affected. Finally, in addition to the above-listed potential changes in the dynamics of served (3.5-fold increase). Thus, once intrathymic proliferation is impaired, as reflected by the strong reduction TREC-carrying cells after HIV infection, apparent changes in TREC frequency (TREC number per a fixed number in TREC ratio, certain thymic and/or peripheral events subsequently occur that tend to prevent a proportional of T cells) would arise in HIV-infected individuals because of changes in the T cell count, even if the number diminution in the number of the TREC-rich RTEs. In any event, it is clear that the sjTREC frequency or number is of TREC-rich RTEs remained the same. Such an effect would be irrelevant to the issue of thymic function. In-not primarily determined by a dilution effect of enhanced division rates of naive T cells, as was previously pro-deed, in the most extensive study to date on the impact of HIV infection on frequencies of sjTRECs in blood, posed. Such dilution would have resulted in a more 7.9 d no effect down no effect no effect no effect down
The TREC frequencies listed (TRECs/10 5 cells) are the medians over the Ͻ40-year-old patients studied. Note that the mean sj/␤TREC ratio is not identical to the ratio of the mean TREC frequencies. a Combination of (B) with (C), (D), and/or (E). b Inconsistency with the data in the left columns. c Significant differences (p Ͻ 0.03). d Significant difference (p ϭ 0.0001). a large difference between the two subsets has been mic output to an extent that depends on the nature of the actual compensatory mechanism, which is yet to be reported ( Figure 3 ). Moreover, observed TREC frequencies into TRECs/ml, and our conclusions remain the same (Table 1) . As for the sj/ when coupled to other detrimental factors associated with HIV infection, including an accelerated loss of naive ␤TREC ratio, we note that it is not only the ratio of the frequencies but also the ratio of total TRECs. and memory cells through activation-induced differentiation ( L., Valdez, H., McCune, J.M., Koup, R.A., Badley, A.D.,  Hellerstein, M.K., Napolitano, L.A., Douek, D.C., Mbisa, G., Deeks,  S., et al. (2001) . Poor CD4 T cell restoration after suppression of HIV-1 replication may reflect lower thymic function. AIDS 15, 1749-1756.
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